Aims Ecosystem carbon models often require accurate net ecosystem exchange of CO 2 (NEE) light-response parameters, which can be derived from the Michaelis-Menten equation. These parameters include maximum net ecosystem exchange (NEE max ), apparent quantum use efficiency (a) and daytime ecosystem respiration rate (R e ). However, little is known about the effects of land conversion between steppe and cropland on these parameters, especially in semi-arid regions. To understand how these parameters vary in responses to biotic and abiotic factors under land conversions, seasonal variation of light-response parameters were evaluated for a steppe and a cropland of Inner Mongolia, China, during three consecutive years (2006-08) with different precipitation amounts. Methods NEE was measured over a steppe and a cropland in Duolun, Inner Mongolia, China, using the eddy covariance technique, and NEE light-response parameters (NEE max , a and R e ) were derived using the Michaelis-Menten model. Biophysical regulations of these parameters were evaluated using a stepwise regression analysis.
INTRODUCTION
Modeling net ecosystem exchange of CO 2 (NEE) using photosynthetic proton flux density (PPFD) as a driver is among the very first steps for understanding the effects of potential biological regulations in ecosystem studies (Aires et al. 2008; Chen et al. 2002; Xu et al. 2007 ). The Michaelis-Menten model is widely used in the literature for such a purpose (Buchmann and Schulze 1999; Flanagan et al. 2002; Luo et al. 2000; Michaelis and Menten 1913; Risch and Frank 2006) . The light-response curve based on this model has three coefficients that are essential to examining the dependence of plant photosynthesis and ecosystem respiration (Nakano et al. 2008 ): a bulk estimate of daytime ecosystem respiration (R e ), maximum net ecosystem exchange (NEE max ) at an infinite light level and apparent quantum efficiency (a). Conveniently, the continuous NEE obtained from flux towers based on the eddy covariance technique has been used to derive the light-response models and associated coefficients (Chen et al. 2002; Falge et al. 2001) to predict the temporal and spatial variations in NEE under different climate conditions (Beziat et al. 2009; Flanagan et al. 2002; Ma et al. 2007; Risch and Frank 2006) . Light response of NEE has been used in conjunction with different temperature and hydrological and nutrition supply conditions (Luo et al. 2000) .
Grassland ecosystem covers nearly 40% of the ice-free terrestrial surface (White et al. 2000) and is the most important ecosystem of terrestrial China (Zhou et al. 2002) . The grasslands in China are mostly distributed in arid and semi-arid regions, where the optimal hydrological conditions are synchronized with the favorable thermal conditions (usually from June to August) (Bai et al. 2008; Fu et al. 2006; Hao et al. 2006; Zhang et al. 2007) . The precipitation and temperature during this period determine the magnitude and variation of NEE in steppe ecosystems (Bai et al. 2004) . Therefore, a good understanding of the light response under different hydrological and thermal conditions is critical for predicting NEE for the future. Previous studies on seasonal variations of NEE light responses in grasslands were primarily conducted in North America, mountain grassland in Europe and the Tibetan plateau (Flanagan et al. 2002; Polley et al. 2010; Schmitt et al. 2010; Xu et al. 2007) , with a limited number of studies in the temperate grassland ecosystems of China (Wang et al. 2008; Xu et al. 2007; Zhang et al. 2007) . These relevant studies focused on the possible effects of inter-and intra-annual variations as well as the dynamic regulations.
The grasslands in northern China have been intensively altered in recent decades by the increasing human activities, such as conversion to cropland and pasture Tsuyoshi and Kensuke 2007; Zhou et al. 2002) . Conversion from grassland to cropland changes not only species composition but also canopy microclimate and leaf photosynthetic characteristics (Kim et al. 2005; Smith et al. 2005; Wang et al. 2008) . Consequently, conversion from grassland to cropland would hinder the application of NEE light response for predicting ecosystem productivity (Lal et al. 2004) . Thus, it is important to quantify the changes caused by the conversion.
The objectives of this study were to: (i) evaluate the changes of model coefficients for a steppe and a neighboring cropland under different hydrological and thermal conditions and (ii) compare inter-and intra-annual variations of NEE light response of the two ecosystems. We hypothesized that (i) drought is the most significant variable determining NEE light response in the regions and (ii) the conversion from steppe to cropland will increase the values of all three coefficients. To test these hypotheses, we established paired eddy covariance towers at a steppe and a cropland in Inner Mongolia, China, and empirically estimated the coefficients of NEE light response using the Michaelis-Menten model before examining the changes with other biophysical variables.
MATERIALS AND METHODS

Site description
This study was conducted in Duolun County (42°27#N, 116°41#E, 1380 m a.s.l.), Inner Mongolia, which was located in a typical semi-arid, agro-pastoral transient zone in northern China. The mean monthly air temperatures ranged from À15.9°C in January to 19.9°C in July. The annual mean temperature is 2.1 6 0.1°C , n = 53). The mean annual precipitation is 385.9 6 9.6 mm. The growing season at the study area was ;5 months-from late April to late September. The soil is a typical chestnut soil.
A steppe and a nearby cropland (being cultivated for nearly 40 years) were chosen for the measurements of ecosystem CO 2 exchange using an eddy covariance technique . The steppe ecosystem, located at the permanent study plot (>50 ha), was dominated by Stipa krylovii, Agropyron cristatum, Artemisia frigida, Cleistogenes squarrosa and Leymus chinensis and fenced since 2001 for grazing exclusion by the Duolun Restoration Ecology Research Station, Institute of Botany, Chinese Academy of Sciences. The cropland ecosystem was dominated by Triticum aestivum, Avena nuda and Fagopyrum esculentum with a row-cropping system that planted crops in mid-May and harvested them in mid-September. Each of the species was planted in rows (;10 m wide, 300 m long) and distributed randomly at the study site. The soil bulk density of 0-to 20-cm layer was 1.36 6 0.03 g cm À3 and 1.33 6 0.01 g cm À3 for the steppe and the cropland, respectively (n = 4).
Eddy covariance measurements system
The net exchange of CO 2 , H 2 O and energy were continuously measured since May 2005, using a paired eddy covariance system at a height of 4 m for both steppe and cropland ecosystems. The detailed descriptions of these measurement systems were given in Zhang et al. (2007) , Miao et al. (2009) 
Flux data processing and gap filling
The air density fluctuations were taken into account to correct the fluxes of CO 2 (Webb et al. 1980) . Data under nocturnal lowatmospheric turbulence conditions were excluded, specifically when the friction velocity (u * ) was <0.10 m s À1 ). In addition, half-hour flux values were excluded from further analysis when sensor variance was excessively high or extremely low, when there was rain for incomplete half-hour sample periods or when there was an instrument malfunction or a power failure ). Data gaps due to instrument malfunction, power failure and calibration schedule (a few hours) were filled using linear interpolation using the neighboring measurements. Large gaps were replaced by average values calculated using window interpolation. Energy flux measurements at these sites showed that >85% of net radiation was partitioned as sensible heat and latent energy, which was sufficient to ensure good measurements of ecosystem CO 2 and water exchange ).
NEE light responses
Using half-hourly daytime data, we established the relationship between NEE and PPFD using the Michaelis-Menten hyperbolic rectangular equation (Aires et al. 2008; Falge et al. 2001) :
where a (lmol CO 2 mol À1 photons) is the apparent quantum efficiency or the initial slope of the light-response curve, NEE max (lmol CO 2 m À2 s
À1
) is the maximum value of NEE at an infinite light level and R e (lmol CO 2 m À2 s
) is a bulk estimate of daytime ecosystem respiration.
Canopy surface conductance (g c ) was calculated using the inverted form of the Penman-Monteith equation (Monteith and Unsworth 1990) :
where
is the specific heat of the air, s (kPa K À1 ) is the change of saturation vapor pressure with temperature, c (kPa°C À1 ) is the psychrometric constant, b is the Bowen ratio (H/LE), VPD (kPa) is the vapor pressure deficit of air and g a (m s À1 ) is the aerodynamic conductance of the air layer between the canopy and the flux measurement height. The g a was calculated as (Monteith and Unsworth 1990) :
where u (m À1 ) is wind speed and u * (m s
) is the friction velocity.
To address the influence of biophysical variables in regulating the light responses, we divided air temperature and VPD into several classes according to previous studies at these sites . Air temperature was classified into T air < 15°C, 15°C < T air < 25°C and T air > 25°C and VPD was classified into VPD < 1 kPa, 1 kPa < VPD <2 kPa and VPD > 2 kPa. Because volumetric soil water content at 10 cm depth (SWC) was lower than 0.07 m 3 m À3 in the dry period in 2007, we divided SWC by 0.07 m 3 m À3 intervals. When T air < 15°C, it is the beginning and ending periods of the growing season, and the VPD and SWC were lower. When 15°C < T air < 25°C, the SWC was high. When T air > 25°C, the SWC decreased, likely due to the high evapotranspiration at these sites (Sun et al. 2011 ).
Measurement of leaf area index
During each growing season, the leaf area index (LAI) for the steppe and the cropland were measured regularly. In 2006, four plot quadrants (0.5 3 0.5 m 2 ) of vegetation in the footprint of the eddy tower for the steppe (<200 m) were harvested every week. In the cropland, where T. aestivum, A. nuda and F. esculentum were cultivated in 2006, three quadrants of the same size were placed for each crop species (nine plots, total) were harvested. In 2007 and 2008, LAI was determined every 20 days in the steppe and every 10 days in the cropland. The green leaves were measured using a portable area meter (LI-3000A; Li-Cor, Inc.) to calculate the LAI of the stands.
Statistical analysis
Significant differences in daily meteorological data between the steppe and the cropland were examined using a repeated t-test (P < 0.05). The NEE light-response coefficients were determined through non-linear regression based on the Michaelis-Menten equation. The stepwise multiple linear regression analysis was applied to select the important drivers for NEE max , a and R e . All statistical analysis was performed using SPSS 13.0.
RESULTS
Biotic and abiotic environment
Of the 3 years of this study, 2007 was the driest with only 52% of the long-term mean annual precipitation, whereas 2006 and 2008 had close-to-normal precipitation (;112% and 92% of the long-term mean annual precipitation, respectively) ( Table 1) . During the growing seasons of the three consecutive years, the cropland showed significantly higher T air than the steppe ( (Table 1) . Interestingly, the steppe had higher SWC than the cropland in all 3 years (Table 1) . Over the study period, the maximum of LAI for the cropland was ;2.2 times that of the grassland. The differences in LAI between the steppe and the cropland were the smallest in 2008. The lower precipitation in 2007 greatly reduced SWC and LAI for both the steppe and the cropland (Table 1) .
The growing seasons of the two ecosystems were dominated by the days when meteorological conditions were 15°C < T air < 25°C. For the steppe, the number of days with 1 kPa < VPD < 2 kPa was the dominant in LAI (m 2 m À2 ) 0.97 6 0.05 (n = 4) 2.69 6 0.49 (n = 9) 0.54 6 0.09 (n = 4) 1.28 6 0.06 (n = 9) 0.90 6 0.01 (n = 4) 1.42 6 0.31 (n = 9)
Abbreviations: T air (°C) = air temperature; SWC (m 3 m À3 ) = volumetric soil water content at 10-cm depth; PPT (mm) = precipitation without snowfall. Growing season is defined as June through August for the steppe and the cropland (n = 92). PPT 1 is the growing season precipitation and PPT 2 is the annual precipitation. * and ** indicate the results of t-test: '*' for P < 0.05 and '**' for P < 0.01.
NEE light response
The three coefficients for the NEE light responses showed obvious differences in a and R e under different T air , VPD and SWC conditions at both the steppe and the cropland (Fig. 2) . For NEE max , its maximums occurred when 15°C < T air < 25°C, VPD < 1 kPa and 0.21 m 3 m À3 < SWC < 0.28 m 3 m À3 . Our comparisons between the steppe and the cropland indicated that the steppe had higher a and R e under the same T air , VPD and SWC conditions. In addition, the cropland showed higher NEE max than the steppe under similar microclimatic conditions (Table 2) .
Seasonal variations of light-response coefficients
Seasonal variations of a, NEE max and R e appeared as bellshaped changes with time over the growing seasons from 2006 to 2008 (Fig. 3) 
Biophysical regulations of NEE light responses
Estimated coefficients for the NEE light responses showed strong correlations with LAI, g c , T air , VPD and SWC for both the steppe and cropland (Fig. 4) . For the steppe, NEE max , a and R e appeared to have a significant correlation with LAI, g c and SWC variation, with no obvious influences from T air . Interestingly, both NEE max and R e of the steppe showed strong correlations with VPD but not a. At the cropland, both NEE max and R e showed strong correlations with LAI, g c , VPD and SWC, but not with T air ; a seemed significantly correlated with LAI and g c but not with any abiotic factors (i.e. T air , VPD and SWC) ( Table 3) . The stepwise regression analysis revealed that, for the steppe, NEE max and R e were mostly affected by g c , whereas a was mostly affected by LAI. For the cropland, three coefficients were all affected by LAI. Approximately 80% of NEE max and R e was explained by g c and LAI, but only <50% for a (Table 4) .
DISCUSSION
Quantum efficiency (a) in the NEE light responses of both ecosystems showed surprising consistencies between the ecosystems and under different T air , VPD and SWC conditions. Seasonally, a showed similar variation patterns with NEE max and R e , which demonstrated small amplitude compared with the other two coefficients. Lindroth et al. (2008) and Ide et al. (2010) also reached similar conclusions that canopy-scale light-response parameters had significant seasonal variations, which was profound for NEE max and R e . a is the maximum use of PPFD and the initial slope of NEE-PPFD curves that reflects the biochemical characteristics of photosynthesis (Farquhar et al. 1980) . Shi et al. (2005) demonstrated that a was not prone to change because of long-term adaption to the biophysical conditions; therefore, the erratic a variation may be observed. However, the regular pattern that the maximum values of NEE max and R e both arose under the conditions of intermediate temperature, lower VPD and higher SWC was observed, which was consistent with other studies (Wang et al. 2008; Zhang et al. 2007) . The maximum of NEE max occurred in the air temperature regime of 15-25°C. Lewis et al. (1999) showed that NEE light-response coefficients were stimulated under elevated air temperature. Alternatively, NEE max declined with increasing temperature when T air > 25°C in our site. The light-response coefficients showed no correlation with T air , which may be attributed to reasons below. First, when plants were in rapid growth periods (June to August in our site), light-response coefficients were not restricted by T air (Shaver et al. 2007 ).
On the other hand, for alpine meadows and other ecosystems located in cold regions, ecosystem production was determined by the T air variation where NEE light-response parameters were significantly elevated under increased T air (Saito et al. 2009 ). Second, T air increments may lead to increases in the proportion of photosynthate allocation to maintenance respiration (Alexander et al. 1995) , which would weaken the light response. Third, stomatal conductance was limited under . VPD was the variable that synthesized air temperature and relative humidity. Higher VPD, occurring simultaneously with high air temperature, directly retarded photosynthetic activity, thereafter suppressing net ecosystem exchange. Both canopy conductance and ecosystem productivity were significantly depressed when VPD > 2 kPa (Chen et al. 2002; Day 2000 Polley et al. 2011) . The deficiency in surface soil water decreased stomatal conductance through the malfunction of some cell and cellular processes regulating photosynthetic capacity (Larcher 2003; Polley et al. 2011) . Evidently, the coefficient developments in our ecosystems were significantly correlated with dry events. In order to develop reliable models, the coefficients in dry conditions should be differentiated from those in wet conditions for both the steppe and the cropland. Canopy conductance and LAI were the dominant variables for changes in all three coefficients at both ecosystems, which disagreed with our hypothesis. The similar conclusion was also demonstrated in other studies (Buchmann and Schulze 1999; Luo et al. 2000; Polley et al. 2010; Shaver et al. 2007) , and the phenomenon was significant for the vegetation with discontinuous canopies (Shaver et al. 2007 ). 127 À2.4 6 1.5 À4.0 6 0.6 À6.2 6 3.7 1.7 6 1.6 1.5 6 0.7 2.7 6 4.2 0.59 0.88 0.47 0.07 < SWC < 0.14 0.013 6 0.003 0.016 6 0.010 0.017 6 0.005 À14.4 6 1.5 9.1 6 1.6 À9.0 6 0.6 1.4 6 0.4 1.5 6 1.2 1.4 6 0.5 0.98 0.79 0.95 0.14 < SWC < 0.21 0.019 6 0.010 0.013 6 0.004 0.024 6 0.014 À14.2 6 2.6 À16.5 6 3.2 À9.6 6 1.1 1.5 6 1.4 1.3 6 0.8 1.5 6 1.6 0.85 0.69 0.86
Negative NEE max denotes a net carbon uptake. NA, not applicable.
LAI determines the absorbed PAR by the vegetation and the variation of light use efficiency (Polley et al. 2011) , and thereafter, the variation of net ecosystem exchange (Flanagan et al. 2002; Wang et al. 2008) . For the steppe in Inner Mongolia, hydrological and thermal conditions synchronized during the growing season (Bai et al. 2008) . For both steppe and cropland, under the rainfall season with higher temperatures, LAI developed with plant growth. A well-developed canopy increased the light use efficiency and enhanced ecosystem productivity and NEE light-response coefficients. However, in dry periods (mid-August, 2006 , July, 2007 , early-August, 2008 , LAI development was restricted and even decreased greatly by the low SWC. When the soil was rewetted after rainfall, the recovery of plant growth was still limited because of the destructed cell and cellular processes in dry conditions (Larcher 2003) . It took more time for LAI recovery than for SWC to refill. The Figure 3 : seasonal changes of the maximum NEE (NEE max ), apparent quantum use efficiency (a) and daytime ecosystem respiration (R e ) estimated using the Michealis-Menten models based on the half-hour daytime NEE and PPFD. The negative values denote carbon uptake. Figure 4 : the relationships between model coefficients (NEE max , a and R e ) and the significant biophysical variables (LAI, g c , T air , VPD and SWC) at the steppe and the cropland in Inner Mongolia.
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time lag of ecosystem productivity response to soil moisture may overshadow the determinant of environmental factors (Janssens et al. 2001) . Therefore, canopy conductance and LAI became the dominant controllers for NEE light-response parameters. Nevertheless, human activities may compound the effects of LAI on the variation of coefficients. In 2008, local farmers postponed the reclaiming activities to mid-June to avoid the negative effects of early spring drought on ecosystem production. In 2007, local farmers advanced the harvesting activities in mid-August to protect the Annual Net Primary Production (ANPP) from decreasing in the late growing season; thereafter, the harvested ANPP could be used for forage. The above activities changed significantly the seasonal variation of LAI. The steppe and cropland in our site were nutrient-deficient ecosystems (Zhou et al. 2007) , which may mask the effects of SWC and other microclimate variables on NEE light-response parameters. The values of a and NEE max reported here were both at the intermediate levels compared with other published results in grassland ecosystems (Li et al. 2005; Nakano et al. 2008; Shaver et al. 2007; Suyker and Verma 2001; Suyker et al. 2003) . The lower values of a for the steppe may be caused by the species composition. Ecosystems dominated by C 4 species showed higher light use efficiency in comparison with those dominated with C 3 species (Suyker and Verma 2001) . The steppe in our site was dominated by C 3 species (S. krylovii) and showed lower quantum use efficiency than grassland dominated by C 4 species (Suyker and Verma 2001) . Ecosystem productivity and light use may also be suppressed by the arid climate conditions (Day 2000) . At the steppe, the limited precipitation restricted the ANPP to the intermediate level among grasslands in China (Bai et al. 2008; Ma et al. 2010) . At the cropland, the lightresponse parameters were also at the intermediate levels among most crops species (Larcher 2003) , which was similar to the values of a for winter wheat in the Tibetan plateau (Shi et al. 2005) . For the cropland in our site, the addition of water and fertilization was scarce, which restricted NEE lightresponse coefficient enhancement (Baptist and Choler 2008) . It was noticed that, during some special conditions, the NEE max increment was prohibited greatly in the dry period and in contrast, a was improved. This might be attributed to higher NEE in low light intensity and inhibited NEE in high light intensity, which caused steeper patterns of light-response curves and subsequently higher a (Ruimy 1995) .
The cropland showed higher absolute values of a and NEE max than the steppe. The land-use conversion from steppe to cropland changed all three NEE light-response parameters-especially a and NEE max . Based on 35-site eddy data, Garbulsky et al. (2010) found that the annual crops showed higher light use efficiency than the grassland. Crops differ from grasses with respect to phenology and biogeochemical cycling and showed higher light use than most native vegetation (Bondeau et al. 2007) . Significance of the correlation is '*' for P < 0.05 and '**' for P < 0.01. Significance of the regression is '*' for P < 0.05 and '**' for P < 0.01.
During the peak growing period, the cropland showed higher NEE max , a and R e than the steppe except for 2008, which may be a result of the fertilization activities. Fertilization determines the leaf nitrogen level, which correlates with the absorption rate for the chlorophyll in the red region and blue region (Reich et al. 1999; Smith et al. 2002) . Fertilization activity in the early growing season may attribute the higher values of NEE light-response coefficients for the cropland. At the cropland, fertilization was conducted simultaneously with sowing activity and occurred only once over the whole growing season. The hydrological and thermal conditions during fertilizing activities may influence the decomposition of the fertilizer. In 2006 and 2007, sowing and fertilization activity took place in dry and cold periods of late May when dry conditions limited fertilizer decomposition (Niu et al. 2008) . Therefore, more fertilizer was protected from decomposition until the wet season. In 2008, because of a long, dry period during early spring, local farmers postponed the sowing and fertilization until mid-June, when frequent rainfall events occurred. Improved hydrological conditions stimulated fertilizer decomposition during the sowing and seeding periods that caused less fertilizer to be left for the important tilling stage. Diminished fertilizer may restrict NEE light-response coefficient expansion and cropland productivity. Therefore, the difference of light-response coefficients between two ecosystems was small in 2008 and the ANPP increment was less in 2008. Schmitt et al. (2010) showed that land management affected the key parameter of light response curves, and managed grassland showed higher NEE than the unmanaged system. Land conversion from the steppe to the cropland may have increased the ecosystem light use efficiency; however, the varied leaf reflectance and subplot patchiness of different cover types and canopy architecture may complicate the final effects of land conversion on NEE (Shaver et al. 2007) , which should be the subject of additional studies in future works. In our studies, respiration models were not integrated into the calculation. Shaver et al. (2007) revealed that integrating improved ecosystem respiration models and photosynthetic models would better predict NEE variation. As well as Michaelis-Menten models, other models were also used for gross primary production prediction, such as Misterlich's rectangular hyperbola models (Falge et al. 2001 ) and non-rectangular hyperbola models (Thornely 1976 ). Different models may have different regression errors. The optimum model evaluation will be necessary in future works.
Our study showed that soil water availability is an important limiting abiotic factor for NEE light response and productivity in both steppe and cropland ecosystems. Global climate change is projected to increase MAP by 3-100 mm and MAT by ;3°C over the next 100 years in the Inner Mongolia steppe, where precipitation during the growing season may decrease Ni and Zhang 2000) . The increased frequency of dry periods and improved temperatures may decrease NEE light responses markedly; thereafter, ecosystem productivity in agro-pasture regions of Inner Mongolia. IPCC (2007) also predicted that semi-arid grassland would experience ''rainfall repackage'' where small rainfall events would decrease and large rainfall events would increase. This could be particularly important in semi-arid grasslands because large rainfall events could increase SWC markedly contrasting to frequent but small events (Heisler-White et al. 2008; Huxman et al. 2004) . The timing, extent and duration of precipitation pulses most directly influence how rainfall is translated into soil water that is available for plant uptake (Loik et al. 2004) . The fluctuation in precipitation can alter the growth of grasslands and cropland, which should be incorporated into the prediction and modeling of climate changes (Yang et al. 2008) . Consequently, the spatial and temporal changes of NEE light responses in different meteorological regimes are necessary. For reliably modeling NEE on ecosystem and regional scales, nutrition addition should be considered (Buchmann 2002) , which had a significant effect on the light-response curves (Murray et al. 2000) . The information that our study has supplied is important to test, validate and improve the modeling of seasonal CO 2 fluxes at land conversion conditions.
CONCLUSION
The changes of a and R e in the NEE light response for both the steppe and cropland showed no consistent pattern under different T air , VPD and SWC regimes, whereas the maximum NEE max occurred when 15°C < T air < 25°C, VPD <1 kPa and 0.21 m 3 m À3 < SWC < 0.28 m 3 m À3 over the 3-year study period.
The changes of canopy conductance and LAI were the major variables for all three coefficients in the NEE light-response model for both the steppe and the cropland. The cropland had higher values of coefficients than the steppe. The conversion from steppe to cropland had also increased the average of NEE max , a and R e during the peak growing period. For reliable modeling of NEE, it seemed that rainfall amount, rainfall timing and nutrient addition should be considered.
